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Supersonic combustionAbstract Scramjet engines are used at extreme temperatures and velocity. New control problems
involving distributed parameter control have been found concerning investigations of the control of
scramjet engines whose physical states are spatially interacted. Succeeding the existing theoretical
studies on the distributed parameter control for scramjet engines, this paper puts forward a
simpliﬁed distributed parameter control approach for scramjet engines aimed at engineering appli-
cation. The simpliﬁed control procedure uses the classical proportional-integral (PI) compensation
to control the target pressure distribution of scramjet engines, which is effective and applicable for
practical implements. Simulation results show the validation of the simpliﬁed distributed parameter
control procedure.
ª 2014 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
Open access under CC BY-NC-ND license.1. Introduction
Recent breakthrough in the hypersonic ﬂight experiments of
scramjet engines has greatly provided the motivation for
research on engine control technologies. To achieve hypersonic
ﬂight test objectives of accelerating the scramjet engines under
controlled autonomous free ﬂight, automatic control of the
engines should be required. As the development of scramjet
system is quite complex and it involves a number of technolog-ical challenges, many principles and methods have been put
forward and applied to solving the key problems related to
the mixture of very high speed air with fuel, achieving stable
ignition and ﬂame holding in addition to ensuring efﬁcient
combustion within the practical length of the combustor.1
Correspondingly, some problems and methods have also been
proposed in studying the control of scramjet engines. In terms
of inlet control of scramjet engines, Voland et al.2 presented
the control problems in the CIAM/NASA Mach 6.5 scramjet
ﬂight test, in which the engine control system made error iden-
tiﬁcation on inlet operation mode, which resulted in the part
failure of ﬂight test. Rodriguez3 numerically interpreted the
reasons about the error identiﬁcation of inlet operation mode,
and presented nonlinearity problem involving in the control of
inlet operation mode. Jones and Baumann4 evaluated the
performance of the inlet controller for the scramjet engines
by Monte Carlo technology, and the Monte Carlo data
Fig. 1 Schematic illustration of shape control arithmetic for
scramjet engines.
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protection logic signiﬁcantly reduces the risk of unstart by
keeping the isolator margin at or above its desired value. In
terms of combustion control of scramjet engines, as scramjet
engines are used with wide range of Mach numbers, the
combustion control system must inject the fuel so that its heat
release proﬁle will produce the required combustor pressure
distribution at each Mach number. The critical problems of
matching heat release proﬁle to combustor pressure distribu-
tion over a wide speed range have early been proposed when
Ferri5 created the concepts that tailor the aerothermodynamics
of fuel injection, mixing and diffusive combustion to the
desired engineering features of the ﬁxed geometry scramjet
engines. However, Voland presented that the combustion con-
trol goal was not achieved in the CIAM/NASA Mach 6.5
scramjet ﬂight test even though pretest predictions by both
CIAM and NASA indicated supersonic combustion mode
would be achieved. This means there are difﬁculties in the con-
trol of the complex supersonic combustion system.
Modern aeronautical propulsion systems, such as turbojet
and ramjet engines, being multivariable in nature require
more complicated control mechanisms and better control
strategies for enhanced control over the variables to ensure
the improved performance of the plant.6–8 Hence, new con-
trol techniques like linear feedback, optimal control, fuzzy
control and sliding mode control etc., are being investigated
in literature. These control technologies are still in the frame
of lumped parameter control, in which the characteristic vari-
ables can be found and chosen to represent the distributed
parameter nature of the system by ordinary differential equa-
tions instead of partial differential equations. However, it is
not certain for scramjet engines if lumped parameter control
can achieve the designate performance for the complex spa-
tial interaction of the supersonic ﬂow and supersonic com-
bustion where the spatial effects cannot be neglected,9
because scramjet engines are such systems with obviously dis-
tributed parameter properties characterized by complex
scramjet combustion and inlet-combustor interactions along
the ﬂow ﬁeld. The ﬂow ﬁeld in a scramjet engine is transi-
tional over a wide range of speed, and in this range engine
performance is characterized by complex transitional ﬂuid
dynamics, supersonic/subsonic ﬂows with the corresponding
shock ﬁelds,10 coupled heat release/shock generation, com-
bustion thermodynamics and chemical reactions.11 So there
are beneﬁts from thinking scramjet engines in terms of con-
tinuum mechanics with distributed parameter control. To
help solve the problems existing in the combustion control
of scramjet engines, Daren et al.12 and Tao et al.13 made
some suggestions from a viewpoint of applying distributed
parameter control technologies to the control of scramjet
engines, and the studies have provided an initial proof of
the validity of distributed parameter control for scramjet
engines. However, from a viewpoint of engineering applica-
tion, the proposed distributed parameter control arithmetic
is in need of computation of the sensitivity function to pro-
vide the gradients of the objective function, and is computa-
tionally expensive and complex. It is for these reasons that
the methods cannot be directly used for engineering applica-
tion. Based on this consideration, this paper makes an effort
to ﬁnd simpliﬁed ways for engineering application of the
control idea. As a result, the simulation results have shown
the validities of the simpliﬁcation.2. Simpliﬁed distributed parameter control arithmetic
The schematic illustration of the previous shape control proce-
dure for scramjet engines may be shown in Fig. 1.13
where x is the axial coordinate,Mt(x) is the target shape,M(x)
is the feedback shape, T denotes the sampling switch, s is stag-
nation temperature rise ratio, D(z) is the digital controller, S(x)
is the sensitive function, and L is the time constant of the
actuator.
The control problem is to minimize the objective function
deﬁned as the squared difference of displacements between
the desired and the actual shape, that is
JðsÞ ¼ 1
2
Z x2
x1
ðMðx; sÞ MtðxÞÞ2dx ð1Þ
where M(x,s) is the feedback shape, x1 and x2 denote the
entrance and exit of the combustor respectively. Shape control
problem can be formulated as ﬁnding an optimal control
variable s* to minimize this objective function
JðsÞ 6 JðsÞ ¼ 1
2
Z x2
x1
ðMðx; sÞ MtðxÞÞ2dx ð2Þ
In order to further develop the distributed parameter
control idea for scramjet engines, this paper attempts to make
some simpliﬁcation on the control arithmetic to make it possi-
ble for engineering application. As shown in Eq. (1), although
the control objective is to approach the target parameter distri-
bution, the objective function is just a norm that describes the
distance between the feedback parameter distribution and the
target parameter distribution. The norm, in a sense, is a
lumped parameter. If the mathematic relations can be directly
constructed between the control variable and the norm, we can
transform the distributed parameter control problem into a
lumped parameter control problem. Thereby the classical
lumped parameter control methods may be applied to this
problem, and the control arithmetic may thus be greatly sim-
pliﬁed. Starting from this point, we make a transformation
of the control procedure in Fig. 1 into the simpliﬁed control
procedure as shown in Fig. 2, in which the function relations
are constructed between the equivalence ratio U (control vari-
able) and the output parameter R. To be measurable, we select
the wall pressure distribution Pw(x) as the state parameters.
Then the output parameter R may be deﬁned as the difference
of displacements between the desired and the actual pressure
distribution, that is
RðUÞ ¼
Z x2
x1
ðPðx;UÞ  PtðxÞÞ dx ð3Þ
where P(x,U) is the feedback pressure distribution, and Pt(x) is
the target pressure distribution.
Fig. 2 Schematic illustration of simpliﬁed distributed control
arithmetic for scramjet engines.
Fig. 3 Schematic illustration of scramjet combustor.
Fig. 4 Comparison of wall pressure distribution between exper-
imental data and model results.
Fig. 5 Step response of uncompensated system.
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In the following section, we will present the design process
applying the classical control method: PI compensation. The
compensation loop has a transfer function
CðsÞ ¼ Kp þ 1
Tis
ð4Þ
where Kp and Ti are proportional gain and integral time con-
stant respectively. PI compensation is used in many industrial
processes. The popularity of PI compensation can be attrib-
uted partly to their good performance in a wide range of oper-
ating conditions and partly to their functional simplicity,
which allows engineers to operate them in a simple, straight-
forward manner. A PI compensation attempts to correct the
error between a measured process variable and a target set-
point by calculating and then outputting a corrective action
that can adjust the process accordingly. The design process is
divided into the following steps.
2.1. One-dimensional simulation model
As the physical processes of scramjet engines are complex and
highly nonlinear, computational ﬂuid dynamics is generally
used to study the problem, but the need for a real-time control
model makes the application of this approach infeasible. Neu-
ral networks, which use large quantities of training data, are
very well suited to situations such as this, where the traditional
approaches are either insufﬁcient or too complex but the
empirical data are attainable.
In this paper, we use radial basis function (RBF) neural net-
works for modeling the one-dimensional combustor ﬂow.14
The details of the RBF are not elaborated here. To model
the distributed parameter characteristic of scramjet engines,
the model outputs for the neural networks are selected to be
the nondimensional wall pressure distribution Pw(x)/P0 (P0 is
the total pressure), and the input is chosen as the equivalence
ratio U. By applying RBF neural networks, we obtain the sim-
pliﬁed distributed parameter model of scramjet engines.
A schematic illustration of the scramjet combustor is shown
in Fig. 3.15–19 The experimental data are from Ref.15. The com-
bustor with a total length of 994 mm was directly connected to
a facility nozzle. The entrance and exit cross section of the
combustor were 32 mm and 67.2 mm wide. Airﬂow entered
in an isolator with a constant cross-sectional area with a length
of 418 mm, followed by a combustor with a constant cross-sec-
tional area with a length of 96 mm. A 480-mm-long diverging
combustor with a half angle of 1.7 also followed.
The comparison of wall pressure distribution between
experimental data and model results is shown in Fig. 4, which
shows the nondimensional wall pressure distributions withtotal temperature T0 = 800 K, P0 = 1.0 MPa and M0 = 2.5.
Fuel (gaseous H2) was injected from the injectors located at
12.8 mm (the exit of the isolator is located at 0 mm) with dif-
ferent fuel equivalence ratio U. It is shown that model results
meet the experimental investigations very well, and the good
qualitative and quantitative agreement is obvious. In addition,
we should be aware of the incorporated simpliﬁcations, that is,
rapid and accurate prediction of the equivalence ratio and
pressure distribution has been demonstrated. The rapid and
accurate prediction allows for designing and simulating the
distributed parameter control system for scramjet engines.
However, we should note that the neural network model is
only applicable to the interpolation algorithm. So the model
based on neural networks is restricted to a speciﬁc condition
and cannot be used for extrapolation.
Fig. 6 Bode diagram of uncompensated system. Fig. 7 Bode diagram of close-loop system.
Fig. 8 Initial and target pressure distributions.
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Analysis of the uncompensated system is necessary for design-
ing the control system. Using the distributed parameter control
model of scramjet engines proposed above, we calculate the
step response and the Bode diagram of the uncompensated
system as shown in Figs. 5 and 6, from which we can see that
the uncompensated system is stable.
According to the analysis of the uncompensated system,
we provide the control indexes of the close-loop control
system as
(1) Steady state error e1= 0.
(2) Cutoff frequency xc = 30 rad/s.
(3) Phase margin ccP 50.Fig. 9 Pressure distributions at different time.2.3. PI compensation
Considering the unmodeled nonlinear effects, such as dead-
zone, hysteresis loop, etc., the gain of the close-loop system
cannot be too high. Otherwise, the close-loop may be unstable.
Therefore, integral compensation is necessary to increase the
gain within the low-frequency region, and PI compensation
is applied.
The phase angle of an integral compensation is 90, and
the phase margin of the uncompensated system is 134.
Therefore, according to the control index of phase margin,
6 phase angle needs to be increased for the close-loop system.
According to the formula
tanð6p=180Þ ¼ xcTi ð5Þ
we obtain the integral time constant as Ti = 0.006 rad/s. Then
according to the control index of cutoff frequency, we obtain
the proportional gain as Kp = 0.64.
3. Simulation results
Using the obtained parameter of the PI compensation, we
calculate the Bode diagram of the close-loop system as shown
in Fig. 7. From the Bode diagram, we can see that the cutoff
frequency of the close-loop system is about 30 rad/s, and the
phase margin is about 50. To further test the design results,
we make a simulation of the close-loop system in which the
initial pressure distribution corresponds to an equivalenceratio of 0.2, and the target pressure distribution corresponds
to an equivalence ratio of 0.4 as shown in Fig. 8.
Fig. 9 shows the change of pressure distribution in the dis-
tributed parameter control process by the simpliﬁed control
procedures. The initial pressure distribution corresponds to
the curve denoted by ‘‘*’’ at 0.2 s, and the following curves cor-
respond to the pressure distributions at 0.25 s, 0.3 s and 0.5 s
respectively. Fig. 10 shows the changes of control variable with
time. Fig. 11 shows the comparison between the control result
at 0.5 s and the target pressure distribution. These results show
that the control result can approach the target pressure distri-
bution in just around 0.3 s, and there is very small error
Fig. 11 Comparison between control result and target pressure
distribution.
Fig. 10 Changes of control variable with time.
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The change of control variable with time shows that when time
tends to inﬁnity, the steady state error e1 will be zero. This
means the design results can be coincident with the control
indexes proposed above, and the simulation results mean that
the simpliﬁed distributed parameter control procedure is of
high steady accuracy.
4. Conclusions
(1) A simpliﬁed distributed parameter control arithmetic
has been proposed which, instead of involving complex
sensitivity function, gradient and Hessian evaluation of
the previous shape control arithmetic, uses the classical
PI compensation to realize the distributed parameter
control objective for scramjet engines.
(2) Simulation results show that the simpliﬁed distributed
parameter control procedure is of high steady accuracy.
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